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Abstract

Terminal restriction fragment length polymorphism (T-RFLP) is a popular method of comparative microbial community analysis

which is normally accomplished by tagging terminal restriction fragments (T-RFs) with a fluorescent primer. Here, we evaluate an

alternative method of T-RFLP where T-RFs are physically captured using a biotinylated primer and streptavidin-coated beads. This

eliminates one of the primary criticisms of T-RFLP, namely that T-RFs cannot be identified by sequence analysis, and also represents an

alternative method for collecting T-RFLP profiles. Microbial communities from forest, agricultural, and turf soils were investigated

using several sets of primers specific for different microbial groups. The physical capture method of T-RFLP resulted in similar profiles

to those generated by fluorescent T-RFLP. The relationships among ecosystem types captured by both methods and revealed by

ordination were virtually identical. The total variance in the profiles that was attributed to ecosystem type was approximately equal, or

greater, when generated by the physical capture method, depending on the primers used. However, physical capture T-RFLP resolved

fewer T-RFs than fluorescent T-RFLP, and this may reduce the sensitivity to changes in non-dominant populations within the

community. Direct cloning and sequencing of physical capture T-RFs revealed that most bands were not comprised of sequences related

to those in the database that would generate T-RFs of similar size. T-RFs should therefore be identified by sequencing, rather than by

comparing the sizes of T-RFs to computer digests of database sequences. Physical capture T-RFLP should be a useful tool to identify

T-RFs by sequencing, and for laboratories without economical access to equipment required to perform fluorescent T-RFLP.

r 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Terminal restriction fragment length polymorphism
(T-RFLP) is a culture-independent molecular genetic
method for generating profiles or ‘‘fingerprints’’ of
environmental microbial communities (Kitts, 2001; Tiedje
et al., 1999). It has become a common tool in the
characterization of soil microbes (Boyle et al., 2006;
Bankhead et al., 2004; Pérez-Piqueres et al., 2006; Rasche
et al., 2006). The method is based on sequence hetero-
geneity within a PCR-amplified gene. The most frequently
used T-RFLP assays target the gene encoding the
e front matter r 2006 Elsevier Ltd. All rights reserved.
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ribosomal small subunit using domain-specific PCR
primers. One PCR primer is tagged by a fluorescent
molecule so that restriction of the PCR amplicons results in
fluorescently labeled terminal restriction fragments
(T-RFs). Restriction fragments are separated by size using
electrophoresis with a sequencing apparatus. The T-RFs
are then visualized by excitation of the fluorescent
molecule. Relative to other molecular methods, T-RFLP
is fairly rapid and technically straightforward, and has the
purported advantage that T-RF sizes can be tentatively
related to sequences in a database (Marsh et al., 2000).
Like all methods, however, T-RFLP is not without

limitations. It has been frequently noted that disparate taxa
commonly generate the same size T-RF, limiting the ability
to make meaningful comparisons to database sequences
(Blackwood and Paul, 2003; Dunbar et al., 2001; En-
gebretson and Moyer, 2003; Pérez-Piqueres et al., 2006;
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Rogers et al., 2004). Furthermore, using the standard
T-RFLP protocol, T-RFs cannot be directly sequenced to
resolve this issue because they are not separated from other
(non-terminal) restriction fragments, but are only differ-
entially visualized. Also, the cost of running fluorescently
labeled samples at core sequencing laboratories varies
widely between institutions, and for some labs cost can
limit the practicality of T-RFLP.

Here we evaluate a method of T-RFLP involving
physical capture of T-RFs which can help to overcome
these disadvantages. In physical-capture T-RFLP, PCR
primers are labeled with biotin rather than a fluorescent
molecule, and a restriction site for a ‘‘release enzyme’’ is
also added to the 50 end of the primer. After restriction
with a different ‘‘profiling’’ enzyme, T-RFs are bound to
streptavidin-coated paramagnetic beads. Non-terminal
restriction fragments are removed, and then the T-RFs
are released from the beads by incubation with the release
enzyme. T-RFs can then be electrophoresed and visualized
on high-resolution agarose gels, and bands can be excised
for sequencing. The method was originally published by
Nagashima et al. (2003), where it was used to identify two
T-RFs from fecal bacterial communities. We examine the
utility of the method for identifying T-RFs from complex
soil communities and from a variety of phylogenetic
groups. This can be used to identify T-RFs, as well as
test the basic assumption that T-RFs in the same position
in different samples represent the same taxa. We also
provide the first evaluation of physical capture T-RFLP as
a method of collecting T-RFLP profiles and ordinating
communities, in comparison to fluorescent T-RFLP.

2. Materials and methods

2.1. In silico T-RFLP of database sequences

Small subunit ribosomal PCR primers used in this study
include a standard pair of domain-specific bacterial primers
(Eub338F and 1392R) and group-specific primers described
by Blackwood et al. (2005) (Table 1). For each set of group-
specific primers, a macro in SAS (version 8.2, SAS Institute,
Table 1

Ribosomal primers used in this study (see also Blackwood et al., 2005)

Forward primera Reverse primer Phylogenetic target

Eub338F-0-III* 1392R Bacteria

ADF681F 1392R* Alphaproteobacteria, some

Deltaproteobacteria,

Fusobacteria

Beta680F* 1392R Betaproteobacteria

BLS342F* 1392R Bacilli

Eub338F* Act1159R Actinobacteria

Eub338F-0-III* Pln930R Planctomycetes

Bas1005F 5.8SR* Basidiomycota

aPrimer labeled for T-RFLP is marked with *.
bIncubation temperature used for profiling enzyme digest.
Cary, NC) was used to choose the optimal restriction
enzyme, and primer to label, for T-RFLP (Table 1).
Sequences from the ARB 2003 database (Ludwig et al.,
2004) matching a primer set were imported into SAS, and
T-RF lengths were calculated for each restriction enzyme
present in REBASE (Roberts et al., 2005). The macro then
determined the number and dispersion of T-RFs generated
from the database for each combination of restriction
enzyme and labeled primer. The theoretical digests were also
evaluated for their taxonomic discrimination within the
targeted group, and distribution of T-RFs4200bp in length
where phylogenetic information obtained from sequencing
will be greatest. The macro is available from the authors.

2.2. Soil samples

To demonstrate physical-capture T-RFLP, soils were
sampled from three treatments at the Farming Systems
Project, established in 1996 at the Beltsville Agricultural
Research Center, MD (Green et al., 2005). Soils at this site
are silt loam Ultisols with approximately 1.8% organic C.
Treatments sampled include (1) soybean managed using
conventional practices for nutrients, weeds, and tillage, (2)
bromegrass-clover (‘‘grass’’) strips adjacent to the soybean
plots, which had been mowed regularly since the establish-
ment of the experiment, but otherwise not managed, and
(3) deciduous forest plots. The forest is approximately 60
years old, and the soil profile does not indicate a history of
tillage (M. Cavigelli, personal communication). Four field
plots were sampled per treatment. Ten soil cores were
taken within the A horizon from each field plot to a depth
of 10 cm, after removal of plant litter. Samples were sieved
over a 4.5mm sieve, coarse roots and organic particles were
removed, and soil was frozen until subsamples were
removed for DNA extraction.

2.3. Method-comparison experimental design and general

molecular methods

T-RFLP profiles were generated using both fluorescent
and physical-capture T-RFLP for all primer pairs. For the
Sequence added to 50 end of

labeled primer

Profiling enzyme 1Cb

CAACATTTAAAT MspI 37

GAACATTTAAAT BslI 55

GGAGATTTAAAT BsmAI/BsrI 55

GGAGATTTAAAT HaeIII 37

CAACATTTAAAT DpnII 37

CCTTGGCACC BstNI 60

TCACATTTAAAT HaeIII 37
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Eub338F-1392R (general bacterial) assay, three replicate
T-RFLP profiles (analytical replicates) were generated for
each sample. One profile was generated for each sample
using group-specific assays.

Genomic DNA was extracted from 0.4 g soil of each field
plot using the Ultraclean Soil DNA extraction kit (Mo Bio
Laboratories, Solana Beach, CA). All PCRs were per-
formed as described in Blackwood et al. (2005), except that
one primer was 50 labeled. For fluorescent T-RFLP, the
label was either hexachlorofluorescein or 6-carboxyfluor-
escein. For physical-capture T-RFLP, the label was biotin-
TEG separated from the primer by a four nucleotide spacer
and a release enzyme restriction site (Table 1). For each
primer combination, triplicate 25 mL PCRs were pooled for
each sample. All restriction digests described below were
performed with reagents purchased from New England
Biolabs (Beverly, MA). Restriction digest conditions were
previously shown to result in complete restriction, without
evidence of non-specific activity, using PCR product
obtained from pure culture organisms (personal observa-
tions).

2.4. Fluorescent T-RFLP

Fluorescent-labeled PCR product was purified using an
UltraClean PCR Clean-up Kit (MoBio), eluting with 25 mL
H2O. Twenty microliters of purified PCR product was then
mixed with 10U of the appropriate profiling restriction
enzyme (Table 1), 2.33 mL of the enzyme’s accompanying
10X reaction buffer, and BSA if recommended by the
manufacturer. Restriction digests were incubated overnight
at the appropriate temperature (Table 1). Digests were then
purified using a QIAquick Nucleotide Removal Kit
(Qiagen, Valencia, CA), eluting with 30 mL H2O. Samples
were sent to Michigan State University’s Genomics
Technology Support Facility where they were mixed with
MapMarker 1000 DNA size marker (BioVentures, Mur-
freesboro, TN), and underwent capillary electrophoresis in
an ABI PRISM 3100 Genetic Analyzer using standard
conditions for fragment analysis (Applied Biosystems,
Foster City, CA). Chromatograms were analyzed in
Genescan (version 3.7, Applied Biosystems) and tables of
peaks with heights over 100 fluorescence units were
exported. Peaks comprising 41% of cumulative peak
height for a sample were retained for analysis.

2.5. Physical capture T-RFLP

Biotinylated PCR product for physical-capture T-RFLP
was digested by adding 10U of the appropriate profiling
restriction enzyme (Table 1) to the pooled PCRs and
incubating overnight. After digestion, 70 mL/sample of
Streptavidin Magnesphere Paramagnetic particles (Prome-
ga, Madison, WI) was prepared by washing three times in
0.5X SSC buffer, and then suspending in 18.7 mL 0.5X SSC
per sample. Each digest was then mixed with 18.7 mL bead
suspension and 1.75 mL 20X SSC. T-RFs were bound to the
beads by incubating at 25 1C on a tube rotator for 1 h.
Beads were immobilized using a 96-well plate magnet
(Dynal Biotech, Oslo, Norway), and the liquid containing
non-terminal restriction fragments was removed. Beads
were washed twice with 0.1X SSC and once with H2O, and
then suspended in 10 mL restriction solution containing 5U
of release restriction enzyme (SwaI, except in the Plancto-

mycetes assay where BanI was used), 1 mL of the
accompanying 10X restriction buffer, and 0.1 mL BSA
(10 mg/mL). T-RFs were separated from beads by incubat-
ing 3 h on a tube rotator at 25 1C (37 1C used for BanI).
Samples were then electrophoresed at 200V for 2.5 h on a
2% NuSieve 3:1 agarose gel (BioWhittaker, Rockland,
ME) in TBE buffer. The size standards Lambda PstI
(Fermentas, Hanover, MD) and PCR 20 bp Low Ladder
(Sigma-Aldrich, St. Louis, MO) were diluted in restriction
master mix and run in at least every eighth lane. Gels were
stained 4–5 h with Gelstar (BioWhittaker) and visualized
with 400–500 nm illumination on a DarkReader transillu-
minator (Clare Chemical, Dolores, CO).

2.6. Sequencing T-RFLP fragments

Several bands were excised from physical-capture
T-RFLP agarose gels described above using sterile razors.
DNA was extracted from agarose and suspended in 5 mL
H2O using the UltraClean 15 DNA Purification Kit
(MoBio). A-tailing was then performed on these DNA
fragments by incubating at 72 1C for 30min with PCR
components excluding primers. A-tailed samples were
purified using the UltraClean PCR Clean-up Kit, eluting
with 25 mL H2O. DNA fragments were then cloned into
E. coli JM109 using the pGEM-T Vector System (Prome-
ga) following the manufacturer’s instructions, with some
modifications to accommodate dilute T-RF DNA samples.
For example, in extreme cases where the A-tailed, purified
T-RF was barely visible on an agarose gel stained with
Gelstar, 25 mL ligations were conducted using 12.5 mL 2X
ligation buffer, 1 mL pGEM-T vector (50 ng/mL), 1.5 mL T4
DNA ligase (3U/mL), and 10 mL purified T-RF DNA.
Ligations were incubated overnight at 4 1C, and all 25 mL
was used to transform 50 mL of E. coli cells.
Cloned inserts were amplified with M13 primers and

digested with the restriction enzymes MspI and RsaI to
screen clone libraries for multiple operational taxonomic
units (OTUs). Restricted PCR amplicons were electro-
phoresed on 4% NuSieve 3:1 agarose gels and visualized
with Gelstar as described above. PCR product from a clone
representing each restriction pattern was submitted for
sequencing at the USDA-ARS Environmental Microbial
Safety Laboratory (Beltsville, MD). Sequences were
aligned to the ARB 2003 database using the integrated
aligner. Alignments were manually adjusted if needed.
Sequences were placed in the ARB phylogenetic tree
using the parsimony insertion function. Nearest matches
in GenBank were also found using BLASTn to con-
firm results from ARB analyses. Nucleotide sequences
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determined in this study have been deposited in the
GenBank database under accession numbers
AY555656–AY555675 and DQ508304–DQ508373.

2.7. Image processing and band class assignment

T-RFLP profiles require image processing to detect
bands, and then bands from different profiles must be
clustered into band classes before statistical analysis. For
physical-capture T-RFLP, these steps were performed in
the software GelCompar II (Applied Maths, Austin, TX)
using automated algorithms. Band fluorescence intensity
(peak height) was exported in community matrices, with
samples as rows and band classes as columns.

For fluorescent T-RFLP, band detection is normally
performed in software accompanying the sequencing
instrument (described above), but there is no standardized
way to cluster bands into band classes. We considered two
methods of clustering T-RFs into band classes: (1) by
importing peak tables into GelCompar II and using the
automated band classification algorithm (2) by importing
peak tables into Excel and using the PivotTable function
with a bin size of 3 bp. Both methods of clustering
fluorescent T-RFs into band classes were used for
Eub338F-1392R profiles. Only the GelCompar II method
was used for other primer pairs. Community matrices as
described above were exported for statistical analysis.

2.8. Statistical analysis of community profiles

T-RFLP methods were compared by their sensitivity to
differences between soil communities and analytical noise,
and by the similarity of the relationships between commu-
nities that were revealed by the different methods.

Sensitivity was examined by partitioning variance in the
profiles into portions derived from different sources. This
was performed using redundancy analysis after Hellinger
transformation (Blackwood et al., 2003) in Canoco 4.0
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T-RFLP profiles from one plot. Scale is in bp.
(Microcomputer Power, Ithaca, NY). For Eub338F-1392R
profiles, three replicate profiles were generated for each
sample (analytical replicates), so profile variance could be
partitioned into (1) variance due to treatment (i.e.
ecosystem type) (Vt), (2) variance between individual plots
after removing treatment differences (Vp), and (3) analy-
tical variance introduced by the profiling methods (Va). Va

was equivalent to residual variance after taking treatment
and plot variability into account, and could be separated
from Vp because of the analytical replication employed.
Under ideal circumstances, Va is minimized. Each variance
was expressed as a proportion of the total variance in the
set of profiles for that analysis. For group-specific profiles,
variance was partitioned into Vt and Vp+Va pools.
Canonical ordinations were generated from each source

of variance in the redundancy analysis. These ordinations
captured the relationships between communities derived
only from an individual source of variance (Vt, Vp, or Va).
Mantel tests (Legendre and Legendre, 1998) were used to
determine the similarity of ordinations of fluorescent and
physical-capture T-RFLP profiles, and how this similarity
changed depending on source of the variance. Mantel
statistics can be interpreted as a correlation coefficient,
with identical ordinations yielding a value of 1. Mantel
testing was implemented in SAS version 8 IML (SAS
Institute, Cary, NC). All hypothesis tests were performed
by permutation, with sample identities randomly permuted
9999 times.

3. Results

3.1. General bacterial T-RFLP profiles

Physical-capture T-RFLP profiles show very similar
banding patterns compared to those obtained by fluor-
escent T-RFLP profiles (Fig. 1). As expected, fluorescent
T-RFLP was able to resolve some bands which appeared as
a single large band on agarose gels (24 T-RF band classes
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Table 2

Comparison of physical-capture and fluorescent T-RFLP using general bacterial primers

Factor Variance explained (%)a Mantel statisticsb

PC Fl GC Fl Pivot PC–Fl GC PC–Fl Pivot Fl GC–Fl Pivot

Treatment (Vt) 59�� 63�� 62�� 0.99999 0.999 0.998

Plot (Vp) 19�� 30�� 24�� 0.27� 0.34� 0.54��

Analytical (Va) 22 7 14 �0.03 0.06 �0.007

�po0.1.
��po0.01.
aPC, physical-capture T-RFLP; Fl GC, fluorescent T-RFLP aligned in Gel Compar II; Fl Pivot, fluorescent T-RFLP aligned by PivotTable function in

Excel.
bCorrelations between canonical ordinations derived from each source of variance. Permutation tests of Mantel statistics for Vt ordinations had a

minimum possible value of p ¼ 0.17 because there were only three treatments being permuted; all comparisons of Vt ordinations were significant at this

minimum p value.
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were present in physical capture T-RFLP profiles, and 38
were present in fluorescent T-RFLP profiles). The majority
of the variance in the profiles was due to Vt, which was very
similar in magnitude for physical-capture and fluorescent
T-RFLP (Table 2). Canonical ordination plots (Fig. 2) and
Mantel statistics (Table 2) indicate that ordinations
capturing Vt were identical using the two methods. Error
bars appear different between methods in Fig. 2, but these
display extra information (from Vp) and are not a true
difference between Vt ordinations. Examination of electro-
phoresis patterns (Fig. 1) indicates that bacterial commu-
nities from forest samples were quite different from grass
or soybean samples, while grass and soybean communities
were not distinguishable. This is also shown in ordinations
(Fig. 2) by the very low proportion of the total variability
accounted for by the second canonical axis which separates
grass from soybean communities.

Vp and Va were affected by the method of clustering
fluorescent T-RFs into band classes (Table 2). Use of the
fluorescent-PivotTable method resulted in a doubling of Va

relative to the fluorescent-GelCompar method (from 7% to
14%). The signal in the profiles that was obscured by the
fluorescent-PivotTable method was due to Vp. Va in
physical-capture T-RFLP profiles was further increased
to 22%, with a decrease in Vp. Note, however, that Vp was
still found to be significant in physical-capture T-RFLP.
There is more complexity in Vp than Vt because there are

12 plots and only three treatments. At the same time, the
signal within Vp is smaller than within Vt. It is therefore
expected that the relationships captured by Vp will be more
prone to noise than relationships between treatments. This
noise is reflected in lower Mantel statistics between
ordinations capturing Vp, although the ordinations are
still somewhat similar (Table 2).

3.2. Group-specific T-RFLP profiles

Physical-capture and fluorescent T-RFLP profiles were
also very similar for group-specific primers. Treatment
significantly affected T-RFLP profiles in all cases (Table 3).
For three groups (Betaproteobacteria, Bacilli, and Actino-

bacteria), the amount of variance attributed to treatment
was higher in physical-capture T-RFLP profiles than in
fluorescent T-RFLP profiles, while the reverse was true for
only one group (Alpha and Deltaproteobacteria). Ordina-
tions of treatment effects were very similar between
fluorescent and physical-capture profiles, with Mantel
statistics 40.98. An example comparison of Actinobacteria

ordinations from physical capture and fluorescent T-RFLP
profiles is shown in Fig. 3.
Forest profiles were clearly different from grass and

soybean profiles for most groups (Fig. 4). Profiles from
other plots appeared very similar to those shown in Fig. 4,
except for Basidiomycetes profiles which were quite
variable (data not shown). For each assay, forest commu-
nities were separated from grass and soybean communities
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Table 3

Comparison of physical-capture and fluorescent T-RFLP using group-specific primers

Groupa Physical-capture T-RFLP Fluorescent T-RFLP

Treatment effect variance

(%)

# of T-RF categories Treatment effect variance

(%)

# of T-RF categories

Alpha and Deltaproteobacteria 52�� 11 64�� 35

Betaproteobacteria 85�� 12 55�� 22

Bacilli 47�� 8 30� 24

Actinobacteria 80�� 9 66�� 30

Planctomycetes 51�� 17 49�� 46

Basidiomycetes 29� 17 29�� 69

�po0.1.
��po0.01.
aGroups targeted in separate analyses using primers from Table 1.
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by the first ordination axis in ordinations reflecting Vt,
accounting for 19% to 85% of the variance in the datasets.
The soybean and grass treatments were separated on the
second ordination axis in ordinations reflecting Vt,
accounting for 0.3% to 10% of the variance.

3.3. Sequencing T-RFLP bands

DNA was isolated from the bands indicated in Fig. 4.
Due to the small amount of DNA present in a T-RF band,
in some cases relatively few clones were obtained (mini-
mum of 10 for T-RF 14). Most of the inserts were within a
few bases of the T-RF size predicted by image analysis. All
sequences obtained were from the phylum or class targeted
by the respective PCR assay except for sequences obtained
from T-RFs 30 and 33 (Table 4). T-RFs 30 and 33 from the
Bacilli assay were dominated by sequences which clustered
with sequences from uncultivated organisms in the TM7
phylum. The cause for this anomaly is currently unknown
since the primer BLS342F does not match known TM7
sequences. The two methods of identifying sequences,
insertion into the ARB tree and BLASTn searching for
matches within GenBank, generally yielded similar results
(Table 4). BLASTn searching often could only match to
sequences which were identified to the phylum level
because of the many sequences from uncultivated organ-
isms present in GenBank.
T-RFs 28 and 29 from the Planctomycetes assay were

obtained from different treatments but were the same size,
and would be expected to represent the same populations
in a T-RFLP assay. We found that the same sequence OTU
comprised a large proportion of both of these bands,
accounting for 41% and 63% of clone libraries from
T-RFs 28 and 29, respectively (Table 4). Note that T-RFs
28 and 29 are also approximately the same relative intensity
(Fig. 4). In contrast, T-RFs 30 and 33 from the Bacilli

assay are also the same size, but T-RF 30 represents 41%
of the total signal of the forest profile, while T-RF 33
represents 8% of the soybean profile. T-RFs 30 and 33
have one dominant OTU in common, accounting for 98%
and 36%, respectively, of the clone libraries. The difference
in relative intensity between T-RFs 30 and 33 can therefore
be attributed to the OTU in common between the two
bands, as would be assumed in a comparative T-RFLP
analysis. T-RF 33 would appear to include a greater
diversity of sequences because of the reduced dominance of
the shared OTU. Other sequences from T-RF 33 match
various Bacillus and Paenibacillus sequences.
Table 5 shows the groups which include database

sequences that could generate T-RFs of the size we
investigated by sequence analysis. Some of the T-RFs
could have been derived from database sequences from
several genera, while others did not match any sequences.
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Fig. 4. Representative physical-capture T-RFLP profiles generated using group-specific primers, shown with DNA size-markers. Numbers indicate T-RF

bands cut for sequencing. F ¼ forest; S ¼ soybean; G ¼ grass; * ¼ 200 bp band in 20 bp ladder; # ¼ 339bp band in l PstI marker; ** ¼ 805 bp band in l
PstI marker.

Table 4

Summary of phylogenetic characterization of dominant clones obtained from T-RFs

Band # % of library ARB categorization BLASTn results

Summary of best matches % Similarity Length of match

14 40 Sphingomonas Sphingomonas 94–96 361–363

14 60 Myxococcus Uncultured Deltaproteobacteria 88–94 421–430

16 67 Acidothermus Uncultured Actinobacteria 98–99 479–482

17 54 Microthrix Uncultured Actinobacteria 97–99 445–492

28 45 Gemmata Uncultured Planctomycetes 93–99 414–429

28 41 Planctomycesa Uncultured Planctomycetes 88–97 401–438

29 63 Planctomycesa Uncultured Planctomycetes 80–99 353–425

29 12 Pirellula Pirellula 95–98 427–432

30 98 TM7b Uncultured TM7 90–95 475–534

33 36 TM7b Uncultured TM7 90–96 431–512

33 11 Paenibacillus Paenibacillus 97–99 460–483

35 53 Uncultured Betaproteobacteria Uncultured Betaproteobacteria 95–100 467–473

35 13 Uncultured Betaproteobacteria Oxalobacteraceae 94–98 466–472

B4 55 Homobasidiomycetes Amanita bisporigera 91 471

B4 16 Ustilaginomycetes Homobasidiomycetes 96 300

aPlanctomyces sequences which have matching phylogenetic results.
bTM7 sequences which have matching phylogenetic results.
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Most of the sequences obtained from excised T-RFs did
not match the groups predicted by in silico restriction of
database sequences (compare Tables 4 and 5). T-RF 16
matched predictions from the database the best, with
sequences affiliated with Acidothermus comprising 67%
of the T-RF clone library, and being one of two groups
that could generate a 477 bp band with the Actinobacteria

assay.
4. Discussion

The physical capture method of T-RFLP resulted in
quite similar profiles to those generated by fluorescent
T-RFLP, although fluorescent T-RFLP exhibited en-
hanced resolving power of bands as expected. The
differences between treatments captured by both methods
and revealed by ordination were virtually identical. For
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Table 5

Matches between sizes of sequenced T-RFs and predicted T-RF lengths of

database sequences

Band

#

Band size

(bp)

Groups with predicted matches in target group

14 414 Rickettsiales, Rhodospirillales, Desulfobacter,

Methylobacterium

16 477 Streptosporangiaceae, Acidothermus

17 490 Mycobacterium, Rhodococcus, Nonomuraea

28, 29 430 Planctomyces limnophilus

30, 33 679 Paenibacillus

35 511 None

B4 646 None
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general bacterial T-RFLP profiles, where variance was
fully partitioned, physical capture T-RFLP did result in an
increase in Va and a decrease in Vp, one of the biological
sources of variability in the data. This was probably due to
reduced accuracy in the electrophoresis and image analysis
methods used. However, Vt was increased in physical
capture T-RFLP for several group-specific assays (Beta-

proteobacteria, Bacilli, and Actinobacteria), with a con-
comitant decrease in the Va+Vp pool quantified for them.
It is unlikely that one biological source of variability would
increase at the expense of another one, so Va was probably
reduced in physical capture T-RFLP profiles for these
assays. Based on these data, we suggest that the effects of
physical capture T-RFLP on analytical variability will
depend on the primers used and the unique suite of T-RF
sizes that need to be discriminated. For example, in some
cases where many peaks in several samples are present over
a short window of T-RF length, there may be substantial
noise in detection and clustering of these peaks due to
variability in relative runtimes and the shapes of over-
lapping peaks. This noise would be eliminated by the
method which pools the fluorescence of these peaks.

The weaker and more complex residual relationships
between plots (Vp) were only partially similar between
general bacterial physical capture and fluorescent T-RFLP
profiles, but it must be noted that they were also only
partially similar when two methods of clustering T-RFs
into classes were used on the same fluorescent data. These
results are similar to the sensitivity to binning method
recently found by Hewson and Fuhrman (2006), who also
found superior performance of a method that accommo-
dated the distribution of bands to define centers of band
classes. If the relationships captured by Vp can be altered
by method of data processing, it can hardly be surprising
that profiles involving different PCRs would also result in
only partially similar relationships.

The number of T-RFs resolved was reduced by physical
capture T-RFLP in all assays due to the differences in
electrophoresis and image analysis mentioned above. This
reduced sensitivity is one of the tradeoffs involved in
performing physical capture T-RFLP as a community
ordination method, and is likely to result in less sensitivity
to changes in non-dominant populations within the
community. However, as a method of comparing microbial
communities, comparing the number of T-RFs present in
profiles does not provide useful information about com-
munity diversity (Blackwood, 2006; Blackwood et al., in
preparation; Loisel et al., 2006). Since the goal of
performing T-RFLP is most often comparative community
analysis, it is more relevant to compare methods by
variance partitioning and sample ordination, which have
already been discussed.
Physical capture T-RFLP allows one to obtain DNA

sequences directly from T-RFs, which eliminates one of the
primary criticisms of T-RFLP (Felske and Osborn, 2005).
This is made possible because the non-terminal restriction
fragments are removed, and individual T-RFs can be
purified after being identified on a gel. We used this
technique to evaluate one of the key assumptions in
T-RFLP community analysis, that T-RFs of the same size
from different environments represent the same (or similar)
sequences. We confirmed that a Planctomycetes T-RF of a
similar relative intensity in different samples represented
largely the same taxon. In addition, a decrease in relative
intensity of a Bacilli T-RF between samples could be
attributed to a decrease in relative abundance of one of the
taxa it represented (which actually turned out to be a
sequence affiliated with the TM-7 group). Further tests of
this assumption should be undertaken before it can be
accepted as true in general. Previous attempts to relate
T-RFs to specific sequences from the environment have
involved evaluation of undigested PCRs by cloning and
sequencing (Redfield et al., 2002; Sessitsch et al., 2001), or
by screening clones with T-RFLP prior to sequencing
(Grant and Ogilvie, 2004). However, T-RFs from complex
soil communities can represent multiple taxa, and identi-
fication of T-RFs should take this into account by
adequately sampling the sequences that make up a T-RF
of interest. In a clone library of 100 clones, a typical T-RF
comprising 2% of a pool of amplified ribosomal fragments
has an 86% chance of being represented by 0 to 3 clones.
This degree of sampling will be insufficient to reliably
identify the sequences that make up many T-RFs in
complex environments such as soil. Sequencing the same
T-RF by physical capture T-RFLP can easily yield 20–50
clones, without wasted sequencing effort, and an identifica-
tion that is made with much greater confidence. Ultimately,
however, the goals of a study and the nature of the
community should dictate the methods that are adopted.
Another consideration is that phylogenetic reconstruction
from short T-RFs is not recommended, although reliable
identification may still be possible through classification
algorithms such as those available on the RDP website
(Cole et al., 2005).
It is clear from our data that identification of T-RFs only

by comparison of T-RF sizes to computer digests of
database sequences will often lead to incorrect conclusions.
This is due in part to the unexplored diversity present in
most environments, and the limited number of sequences
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with phylogenetic affiliations present in the database.
Variability in electrophoresis mobility of different se-
quences, which is inherent in the T-RFLP process (Kaplan
and Kitts, 2003; Rasche et al., 2006), is also likely to
contribute to misidentifications of T-RFs using comparison
of T-RF size to the database.

Using group-specific T-RFLP assays instead of a general
bacterial assay involves tradeoffs as well. The primary
advantage is an increased ability to draw phylogenetic
inferences from a group-specific assay, because of reduced
complexity of the profiles and the increased likelihood that
a T-RF band will represent a single taxon (Dunbar et al.,
2001; Tom-Petersen et al., 2003; see also Gich et al., 2005).
In addition, a group-specific assay is more sensitive to
differences in composition of the particular group targeted.
This is particularly important for complex communities
such as soils. The disadvantage is that more assays are
required to approach the phylogenetic breadth of a general
assay. We used four group-specific assays within the
bacteria, and many more would be necessary to cover the
diversity of bacteria within soils (Janssen, 2006). Choice of
restriction enzyme when performing T-RFLP has pre-
viously been pointed out to be an important factor in
determining ability to discriminate taxa (Engebretson and
Moyer, 2003), and is especially critical when using group-
specific assays because of the lower diversity of target
sequences. We found that systematic searches through a
database of restriction enzymes resulted in optimal
enzymes that were different for each group tested, and
not necessarily among those typically used.

In conclusion, physical capture T-RFLP is a valuable
tool which complements other methods of community
analysis of soil microbes. Use of group-specific primers
with optimal restriction enzymes can enhance the phylo-
genetic inferences that can be made from T-RFLP
analyses. However, we found that sequencing of a
T-RF must be performed if it is to be affiliated with
specific taxa. As a community profiling method, physical
capture T-RFLP profiles do not resolve as many bands as
fluorescent T-RFLP, but performed approximately as well
as fluorescent T-RFLP at discriminating our test commu-
nities. Relative performance of the methods should
be evaluated on a case-by-case basis as there are
idiosyncrasies associated with each set of primers and
restriction enzymes, as well as with different sets of
samples. Since the cost of equipment required to perform
physical capture T-RFLP is a small fraction of the cost of
equipment used in fluorescent T-RFLP, this method may
also increase the opportunity for some labs to accomplish
microbial community analysis.
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